Abstract-An extrinsic optical fibre bending sensor based on intensity modulation technique aimed for physiological application is presented. This sensing technique is capable of measuring the bending angle continuously in flexion, extension and lateral movements. The sensor working range is between −22°and 22°with 0.4°accuracy and 0.1°resolution. From the theoretical estimation, the bending sensor automatically compensates for variation in the source intensity and various losses in the input and output fibres. The experimental results obtained in this investigation verified the theoretical finding. Among the advantages of the this optical bending sensor are being noninvasive, suitable for continuous measurement and immune from electromagnetic effects.
that measure the spine in a non-contact way, such as the chargecoupled device camera system [11] , rasterstereography [12] and video fluoroscopy [13] .
As compared to the non-optical devices, optical fibre sensors are relatively smaller in size, lightweight, and are safer in terms of being free from fire hazard or electrical shock risk to patients since there are no electrical connections to the body [14] . However, the sensing unit of several electric sensors, such as strain gauge, accelerometer and gyroscope can be smaller. The most beneficial attribute of the optical fibre sensor is their insensitivity to electromagnetic interference as demonstrated in [15] . Due to these advantages, the optical fibre sensors have also been studied in other biomedical applications, for example knee [16] , [17] , shoulder [18] and respiration [19] monitoring.
In general, optical fibre sensors can be implemented using intrinsic or extrinsic approach. In the former case, the light is modulated internally, while propagating in the fibre. The implementation examples are using macrobend loss effect via U-shape fibre arrangement [19] and side-polished fibre [10] , [17] , as well as stress-induced birefringence fibre [20] and fibre Bragg grating [21] . For extrinsic type, the light leaves the fibre temporarily, before being modulated externally and coupled back into the fibre, such as via mirror displacement approach [15] and fibre tilting angle loss using dual output fibres [22] and single output fibre [23] , [24] .
Plastic optical fibres (POF) have several advantages when being applied in extrinsic optical sensors including highly flexible, easy fibre connection, require low cost equipment, and better coupled power due to their high numerical aperture (NA) and large core diameter. However, just like other intensity-based sensors, POF sensors are susceptible to environmental disturbance such as temperature, humidity, and external light noise. These effects can be compensated, nonetheless by means of various intensity referencing schemes as described by Murtaza and Senior [25] and Montero et al. [26] .
In this paper, an extrinsic optical fibre bending sensor based on fibre tilting angle loss assessment is presented. Besides its capability to continuously measure the bending in flexion, extension, and lateral directions, the proposed bending sensor has an automatic intensity compensation, which minimizes the output fluctuation due to environmental distubances. It has a working range between −22°< θ < 22°in flexion/extension and lateral directions with 0.4°accuracy and 0.1°resolution.
II. SENSOR CONFIGURATION
The bending sensor is illuminated by a green light-emitting diode (LED) from Industrial Fiber Optics Inc. (IF-E93). It has a peak wavelength of 530 nm and a full width at half maximum spectral bandwidth of 50 nm. The embedded micro-lens and plastic housing of the LED give a good optical coupling with the applied POF (EH 4001, Mitsubishi Rayon). This fibre has core and cladding refractive indices of 1.492 and 1.402, respectively, NA of 0.5, and core diameter of 0.98 mm. It also has a spectral transmission loss of 0.09 dB/m at the 530 nm wavelength and a minimum bending radius of 25 mm. At the receiver, three identical Si-photodiodes (SFH 250 V, Avago Tech.) are applied, each with a peak wavelength at 850 nm and spectral range sensitivity between 400 and 1100 nm. At the applied 530 nm wavelength, the photodiodes responsivity are between 50-60%.
The experimental setup for the optical bending sensor is shown in Fig. 1 . The LED driver circuit produces 150 μW measured at the output on a straight fibre, and the photodiode reverse biased circuit is fabricated such that a large signal-to-noise ratio output is obtained. The signal filtering is designed using a fourth-order Bessel low pass filter with a cut-off frequency of 3 Hz and is implemented in the LabVIEW. The response time of the overall system is around 2 sec.
The sensor probe design is illustrated in Fig. 2 , where one fibre is inserted into the first Polytetrafluoroethylene (PTFE) holder (i.e., 1 mm hole dia.), while the other three fibres (each with thin black coating aims to minimize cross talk interference) are placed inside the output holder with 2.2 mm hole diameter. The end tip of the input fibre holder is polished and modified, taking the shape of a Phillips screwdriver head (with a slightly tapered end tip), while the opposite end of the output holder is made with a slightly bigger hole of the same shape. A small portion of the input holder is inserted into the output holder, which aims to: (i) maintain the center position of the fibre end tips, (ii) minimize the gap between the input and output end tips, (iii) avoid the rotation movement of the aligned fibre, and (iv) minimize the external light coupling. Fig. 3 . Sensor probe from previous study [22] . To keep the two PTFE holders intact, they are held together using a 5 mm inner radius silicon rubber tube, coated with black paint to reduce the potential of light noise. Additionally, the three output fibres were encapsulated together using a silicone rubber tube as an effort to minimize the difference in loss among them due to the external bending movement.
This configuration is a modified sensor probe design from the previous bending sensors using dual output fibre as shown in Fig. 3 [22] , and single output fibre with a dedicated reference fibre [23] , [24] . As far as the improvement and novelty of the current sensor are concerned, the additional third output fibre allows the sensor to detect the bending simultaneously in flexion/extension and lateral movement.
III. THEORETICAL ESTIMATION
The theoretical estimation of the optical fibre bending sensor under investigation is based on the analysis of a reflective sensor using twin-receiving fibre for displacement application [27] .
The fibre arrangement of the bending sensor probe using three output fibres is shown in Fig. 4 and the equation for the light intensity at each output fibre is given as follows:
where A i is the receiving fibre core area. L i is the losses in the i-th receiving fibre. L 0 is the losses in the input fibre. I 0 is the intensity of the light source in the input fibre.
is the intensity at point (x, y, z) of the i-th fibre. ω i (z i ) is the effective radius of the output optical field, and is defined by:
where a 0 is the receiving fibre core radius. θ c is the fibre acceptance angle (i.e. θ c = sin −1 NA). ξ = 0.3034 is the coefficient parameter dependent on the light source type and the NA of the fibre [27] . e − ( i n j r j ) is the additional losses parameters in the i-th receiving fibre caused by microbends. This loss was measured by comparing the light intensity difference between unbent and bent fibres. The bent fibre was coiled for n-times, around a rod with radius, r [27] , [28] . Now, we can analyze and derive the response characteristic functions of the fibre outputs, designated as I 1 , I 2 and I 3 . Assuming the receiving fibre is tilted at an angle θ x about the x-axis and then rotated θ y about the y-axis, the plane of the receiving fibre end tips surface can be represented as
where l is the gap between the input fibre and output fibres end tips. Then, the center point coordinates of the i-th output fibre (i.e., F 1 , F 2 and F 3 ) can be represented as follows:
where
As represented in (1), the light intensity responses of the output fibres are dependent on the (x, y, z) coordinate of each fibre with respect to the center of the input fibre, F 0 (0, 0, 0). For simplicity purpose, only two configurations are investigated in this study. The main idea is to identify an output fibre arrangement that is capable of measuring the bending in both flexion/extension and lateral (side) directions, simultaneously. Fig. 5 shows the cross-section of the fibre end tips at the sensor probe from the eye image direction in Fig. 4 . The first configuration is illustrated in Fig. 5(a) , where the input fibre end tip is positioned towards the left-side of the receiving fibre bundle. This gives the position of the output fibre 1, 2, and 3 as below:
A. Configuration 1: Side Positioned (C1)
where d x and d y are the offset of the receiving fibre end tips from the center of the input fibre, F 0 (0, 0, 0), along the xaxis and y-axis, respectively. In the case of POF applied in this investigation (i.e. fibre diameter without protective jacket, r = 1 mm), the resultant offset values are d x = r · sin 60 • = 0.866 mm and d y = r/2 = 0.5 mm.
B. Configuration 2: Center Positioned (C2)
As shown in Fig. 5(b) , the second configuration has a centered input fibre positioning. The positional coordinate of the output fibre 1, 2, and 3 is represented as: 
C. Compensated Fibre Output Equation
From (1), the estimated light intensity at each output fibre is given as follows:
Theoretically, if all output fibres are physically identical and are encapsulated together into a single fibre bundle between the sensor probe and the photodetector, they share the same losses and bends effect. From this, we have:
To simultaneously measure the flexion/extension bending and lateral bending, the ratio from these output fibres are applied and expressed as follows: ii) Lateral Bending
From (12), the output ratio, which represents flexion/extension bending, can be simplified into: 
IV. RESULTS AND DISCUSSION
Prior to the experimental work, the bending sensor outputs using configuration 1 and 2 are estimated and presented in part A. The output ratio estimations in flexion and lateral directions using C1 are designated as R 1 (θ x ) and R 1 (θ y ), respectively. Similarly for the second configuration C2, these ratios are represented as R 2 (θ x ) and R 2 (θ y ). Fig. 6 illustrates the effects of fibre gap on the bending response. It shows that, a bigger gap leads to a better sensitivity, but it reduces the sensing range (i.e. 26°max angle at 0.6 mm gap and 14°angle at 1 mm gap). In our theoretical and experimental work, this gap was chosen at 0.5 mm. Fig. 7 demonstrates the bending response estimation using C1 and C2. It shows that the side-positioned fibre produces a significantly poor output sensitivity in lateral movement (R 1 (θ y )), rendering difficulties in achieving a good accuracy using this form. In the second configuration, the output ratio is estimated to have a reliable sensitivity in flexion (R 2 (θ x )) and lateral (R 2 (θ y )) directions. It was demonstrated that the output ratio is linearly dependent (i.e., slope response of 0.045/1°) on the bending angle between 1°and 15°range in flexion and lateral directions using the C2 configuration. However, the sensitivity is slightly reduced to 0.017/1°for bending angle range more than 15°.
A. Bending Assessment Based on Theoretical Estimation

B. Bending Assessment based on Experiments
As demonstrated in Fig. 7 , due to the poor sensitivity in lateral bending using the first configuration (C1), only the second configuration (C2) was implemented and investigated further in experimental work. The gap between the fibres (i.e., 0.5 mm) was determined by measuring the fibre holders length difference using a digital caliper, before and after the sensor integration. Moreover, prior to each bending assessment, the length was checked again to ensure a consistent gap. The insertion loss of the sensor is around 9 dB, as a result of fibre gap, fibre lateral alignment and other associated losses.
The sensor was placed in a straight position on a self-made bending apparatus (see Fig. 8 ), which angle is measured and cross-checked against a conventional two-arm goniometer. In the first assessment (see Fig. 9 ), the sensor was bent with a bending angle of 2 deg. for 1 min before additional 2°angle was increased every minute until the maximum possible angle was achieved. Upon completion, these steps were repeated in flexion (see Fig. 10 ) and lateral (see Fig. 11 ) bending.
As shown in Table I , the bending measurement in the flexion/extension and lateral directions have a good agreement with the theoretical values. Fig. 12 shows the experimental and theoretical bending responses comparison. The error bars represent the uncertainty in bending measurement, which values are also given in Table I . These values are calculated based on 10 times bending measurements in extension direction. As shown in Fig. 12 , the output ratio linearly decreased with an amplitude of 0.05/1°for bending angle between −8
• < θ x < 8. As the angle was further increased to 16°, the output sensitivity was reduced to 0.035/1°, and later lower to 0.025/1°, for higher bending angles (θ x up to 22°).
C. Temperature and Input Power Variation Effect
The temperature assessment was carried out to investigate the effects of the light source temperature variation on the sensor output. It is expected that the temperature has little impact on the sensor probe because the PTFE holder is relatively a poor heat conductor [29] , the silicone rubber has a good resistance to elongation at high temperature (less than 150°C) [30] and the fibres portion outside the probe are fully insulated. Consequently, the experimental validation of the thermal effects of the sensor probe is not presented here.
During this test, the sensor probe was fixed in a straight position at all time and a thermistor was applied to record the temperature variation. The temperature at the light source (inside the LED driver's container) was repetitively increased from the ambient temperature to around 65°C using a portable heater. After each test, the light source was forced to settle to initial room temperature for about 3 min using a fan. The output ratio drift at increased temperature was observed and presented in Fig. 13 . In an ideal case, the compensation technique should give a null output drift as given by (14) . However, the measured output ratio was slightly increased above its nominal value (0.55%), this is most likely being due to different light coupling into each fibre (i.e. caused by imperfect fibre end tip surface and inconsistent light scattering at corecladding boundary). Still, this output ratio drift is smaller than the measured intensity drift of each output fibre (i.e., 14%) [23] .
In another measurement, the output ratio was observed for 2 h to study the output signal drift as shown in Fig. 14 . During this period, the fibre was held stationary and straight while the temperature was at normal room temperature around 25°C. In this 2 h-test, the output ratio fluctuated by 0.25% of its nominal value, rendering an accumulated drift of 0.8% (i.e. 0.25% + 0.55%). From this, the sensor accuracy can be calculated as 0.4°(i.e. 0.8% ÷ 0.02/1°). As the output ratio is non-linearly dependent on the bending angle (Fig. 12) , the resolution of the proposed sensor changes with the measured angle. In the worst sensitivity case (i.e. 20°< θ < 22°), the resolution of the sensor is found to be 0.1°(0.002 ÷ 0.02/1°), where the smallest output ratio change was 0.002.
The main criteria of the bending sensor under investigation is summarized in Table II . As far as single point measurement is concerned, this sensor is capable of detecting bending angle up to 22°which is higher than the maximum segmental spine motion angle (i.e. 13°) summarized in Table III [31] . It also has a better accuracy than the minimum 1°segmental motion.
Moreover, this extrinsic bending sensor specifications are also compared with different optical sensors as summarized in Table IV. From the experimental results, the proposed sensor has a relatively better accuracy, but with a lower working range than a few others [20] , [32] . However, it can distinguish between the flexion and lateral movement, rendering a more reliable option for the spine monitoring application. In future, prior to sensor test on human spine, the sensor probe(s) can be mounted on a standard rubber waist support, but several concerns should be addressed: (i) the detector must be placed as close as possible to the sensor probe to minimize the loss difference between each output fibre, (ii) for multiple points sensor along the spine, the suitable sensor probe sizes and the gap between them should be critically studied, (iii) further investigations on the cross sensitivity issue between flexion and lateral bending and the sensor time response should be carried out to avoid measurement error.
V. CONCLUSION
An extrinsic optical fibre bending sensor with automatic intensity compensation has been theoretically presented and verified by experimental results. The working range of the sensor is between −22°and 22°, in both flexion/extension and lateral directions, with an accuracy of 0.4°and resolution of 0.1°, that is suitable for continuous spine bending monitoring.
